The pattern of viral polypeptide synthesis and cleavage in poliovirus-infected cells was shown by autoradiography to be considerably more complex than previously thought. In normal growth, at least 26 distinct polypeptides were found, and various modifications of the cleavage process revealed a total of at least 34-Most of the new polypeptides were minor components that were unstable during a chase. Different cultural modifications led to different polypeptide ratios, and it appeared likely that several cleavage activities were involved. Minor differences were found in the polypeptide contents of cytoplasmic extracts and whole infected cells. The complexity of the cleavage pattern necessitated a new nomenclature based on mol. wt. (e.g. Ppi Io, 'poliovirus protein' of I loooo). Particular attention was paid to mol. wt. determinations, notably in the use of internal protein standards and more fully denaturing gel conditions. The size of the 'primary translation product' of poliovirus RNA was found to be 21oooo daltons, so that either 2o of the viral genome is not translated in vivo, or some is read as a smaller independent translation unit.
INTRODUCTION
The synthesis of poliovirus polypeptides has attracted particular interest, as the poliovirus RNA has been thought to have only one site for the initiation of protein translation (Jacobson, Asso & Baltimore, 197o) . Individual polypeptides are generated by a series of post-translational cleavages, presumably effected by proteolytic enzymes (Holland & Kiehn, 1968; Jacobson & Baltimore, I968a; Summers & Maizel, 1968) . Unfortunately, the cleavage pattern has turned out to be very complex, and apart from the structural proteins, only one polypeptide (Lundquist, Ehrenfeld & Maizel, 1974) has been shown to be associated with any gene function of poliovirus. The tool. wt. of poliovirus polypeptides and their relation to the genetic map are uncertain, as are most of the cleavage pathways. This paper presents a more detailed examination of poliovirus polypeptides, with the particular aim of identifying the coding potential of the poliovirus genome. The work exploited the greater sensitivity, resolution and convenience of autoradiography, coupled with a variety of gel and culture conditions. Special attention was given to those aspects that affect the accuracy of mol. wt. determinations by SDS gel electrophoresis.
METHODS
Cells and virus. U cells were propagated in monolayer cultures, and after trypsinization were maintained in suspension overnight at 37 °C in Eagle's medium. Cell pellets were resuspended in a recently plaque purified poliovirus type 1 (Mahoney) seed at a multiplicity of 4o to 5o p.f.u./cell and stirred gently for 2 h at o °C. After removal of the virus seed supernatant fluid, infected cells were resuspended at 2"5 × lO 6 ml in Eagle's medium lacking methionine and maintained in suspension at 37 °C. Generally, at 4 h after infection psS]-methionine (30 to 50 Ci/mmol; gadiochemical Centre, Amersham) was added at go to 12 #Ci/ml. Labelling times are indicated in the figure legends. After labelling, chase experiments were done by the addition of a rooo-fold excess of unlabelled methionine. Samples (usually containing 5 x Io ~ cells) were diluted in four times their volume of ice-cold phosphate buffered saline (PBS), washed again and the cell pellet dissolved immediately in 0"4 ml disrupting fluid (8 M-urea, 2 ~ (w/v) SDS and 5 ~ 2-mercaptoethanol) and heated at IOO °C for 2 min. Cytoplasmic extracts were prepared at o to 2 °C as described by Penman et aL (1963) and immediately treated with an equal volume of disrupting fluid.
Labelled poliovirus was prepared by adding [~sS]-methionine to cells 3"5 h after infection and continuing the incubation for a further 2"5 h. The culture was frozen at -20 °C, thawed, and the cell debris removed by centrifuging at IOOOO g for lO min. The supernatant fluid was centrifuged for I h at 2ooooo g and the pellets gently dispersed at room temperature in a total of I ml o'I ~ SDS in PBS, Virus suspensions were sedimented in 5 to 20 ~ (w/w) linear sucrose gradients for 4 h at 55ooog. After fractionation into 0"5 ml vol. the total radioactivity in lO #1 of each fraction was determined. The fractions containing the major peak of radioactivity were pooled and frozen prior to treatment for electrophoresis.
Polyacrylamide gel electrophoresis and autoradiography. After treatment with disrupting fluid, samples containing material from 3 to 5 x ~o 5 cells were layered on 6 to 12 ~oo (W/V) acrylamide gel columns containing o'I ~ SDS, 5 M-urea and o.oI M-EDTA. Conditions for electrophoresis and autoradiography were as described by Russell & Skehel (I972) . On occasions, electrophoresis was for a longer time (Fig. 7 ) or in gels lacking urea (Fig. 4b) .
Standard proteins. Rabbit skeletal muscle myosin, haemocyanin and human serum albumin were separately iodinated with a2'5I (Radiochemical Centre, Amersham) by the method of Greenwood, Hunter & Glover 0963). After termination of the reaction, the proteins were made I ~ with respect to SDS. Excess iodide was removed by dialysis against o.I ~ SDS, and the proteins prepared for electrophoresis as described above. Mol. wt. values are: myosin, 212000 (Gershman, Stracher & Driezen, 1969) ; haemocyanin, 86ooo (Parish & Marchalonis, I97O) ; human serum albumin, 66ooo (Low, I951); pepsinogen, 39 ooo and pepsin, 33 6oo (Fruton, 1971) ; trypsin, 23 800 (Keil, 1971) ; tobacco mosaic virus protein, 1765o (from the amino acid sequence in 'Atlas of protein sequence and structure', vol. 5).
Materials. L-azetidine-2-carboxylic acid, 3,4-dehydro-DL-proline, L-canavanine sulphate, tosyl-L-lysyl chloromethane (TLCK) and tosyl-L-phenylalanyl chloromethane (TPCK) were obtained from Calbiochem, California; diphenylcarbamoyl chloride (DCC) from Eastman Organic Chemicals, New York; DL-fl-phenylserine, DL-o-and DL-m-fluorophenylalanine, OL-4-and DL-6-fluorotryptophan from Sigma Chemical Co., Missouri; DL-p-fluorophenylalanine from Koch-Light Laboratories Ltd, England; fl-z-thienylserine and human serum albumin from Nutritional Biochemicals Corp., Ohio; trypsin, pepsin and pepsinogen from Worthington Biochemical Corp., New Jersey. Tobacco mosaic virus protein was a gift from Dr E. Benjamini, University of California, Davis, and haemocyanin from the Southern Crayfish (Jasus lalandii) was a gift from Professor G. L. Ada of this Department. Rabbit skeletal muscle myosin was prepared according to Perry (I955) .
Infection with poliovirus rapidly inhibits host protein synthesis, and culture conditions can be arranged so that radioactive amino acids are incorporated only into proteins that are virus-coded (Summers, Maizel & Darnell, 1965) . In our experiments, this state was achieved without the use of either guanidine or actinomycin D. High specific activity [asS]-methionine was added at various times after infection using a variety of cultural conditions, as described in the text. Not all of the polypeptides made by poliovirus can be observed in one gel, as many appear at different times during a chase period. Also, polypeptides over a wide range of mol. wt. are not well resolved by one set of gel conditions. Usually, therefore, incubation was continued for varying times in the presence of excess unlabelled methionine to allow the many proteolytic cleavages to occur after translation, then samples of whole cells were prepared for electrophoresis in several sets of gel conditions (see Methods).
The polypeptides formed in polio~irus-infected cells
The inhibition of host protein synthesis in our hands is illustrated in Fig. I ; all host proteins were affected at an equal rate. After 2 to 3 h, labelled bands reappeared in a different pattern representing viral proteins. Additional experiments showed there was no significant change in the relative intensity of the viral bands up to 5 h after infection, after which time protein synthesis was too low to analyse. These experiments were also done with I min pulses given I-5, 2"5, 3 and 4 h after infection and chased for o, z, 3 ° or 6o rain, with identical results (data not shown). Our findings accordingly allow an important conclusion, namely that the rate of production of any particular viral polypeptide relative to the rest may remain unchanged throughout the cycle. This has implications for mechanisms of regulation in poliovirus, which have been enlarged on elsewhere (Cooper, Steiner-Pryor & Wright, 1973) .
The resolution possible in lengthwise gel slices is exemplified by a densitometric tracing of an autoradiogram (Fig. 2) , where peaks obviously corresponding to poliovirus polypeptides described previously are so labelled. Fig. 2 shows only the polypeptide products of 7 min of translation; the two large polypeptides corresponding to NCVPOA and NCVPOB first described by Cole & Baltimore (1973) are not usually detected without modification of the cultural conditions to suppress cleavage. Migrating between NCVP2 and VPo are nine polypeptides of which only four (NCVP3a, 3b, 4 and 5) have been described before (Summers et al. 1965; Taber, Rekosh & Baltimore, I97t) . Doubt exists as to which of the peaks in Fig. 2 these names correspond, but clearly five new species are present. Another new polypeptide is seen migrating slightly faster than VPI and is shown below to be distinct from NCVPX (Jacobson et al. 197o) , which in these conditions co-migrates with VPI (see below).
As this analysis demonstrates eight polypeptides not previously detected without modification of the cultural conditions, it shows that the cleavage system is more complex than previously believed, and illustrates the difficulty of naming new polypeptides.
Nomenclature of poliovirus polypeptides
Clearly, a new system for naming the poliovirus-specific polypeptides must be introduced.
The previous system (Summers et al. 1965) has already become cumbersome (Jacobson et al. 197o; Taber et al. 1971) , and the many proteins now known renders this system unworkable.
Virus structural polypeptides will continue to be named VPo to VP4, but non-structural species will be named by the prefix Pp (poliovirus polypeptide) followed by their apparent mol. wt. in thousands of daltons, e.g. PpI IO, or p1 io for the rest of this paper. This system is flexible but relies heavily on mol. wt. determinations, which previously have been con- (2), (3), (4), (5), (6) and (7) cells labelled at l, i '5, 2, 2"5, 3 and 3"5 h after infection, respectively. Electrophoresis was from top to bottom in 12 ~ (w/v) gels.
troversial (Maizel & Summers, I968 ; Jacobson et al. ~97o ). All of the poliovirus polypeptides detected in all conditions used in this report are listed in Table I , together with their former names. Determination of the apparent mol. wt. values is described in the section after next.
Cleavages in poliovirus polypeptides
The extensive proteolysis occurring during poliovirus translation was examined in more detail. Cells were pulse-labelled with [3~S]-methionine 4 h after infection, and samples taken at varying times during a chase period for electrophoretic analysis (Fig. 3 )-Several previous observations are confirmed by the autoradiograms, namely the overall shift of radioactivity during the chase from high to low mol. wt. species. In particular, the unstable nature of the prominent pt Io leading to the subsequent appearance o f capsid polypeptides is contrasted with the stability of P79. Much of the label after a I min pulse is diffuse and presumably represents nascent polypeptides. The bands sharpen during a 5 rain pulse as label accumulates in the largest polypeptides, which by then are maximally labelled. This time course correlates well with the IO min that a ribosome takes to traverse the poliovirus message (Taber et al. ~970 . The two largest proteins (pi68 and pi55) disappear completely during the chase, suggesting they are indeed virus-specific. Among the less prominent bands, losses of label indicating cleavage occur in P73 (very rapidly), p66, p58 and P47, while gains occur in P44 and p2o; p29 appears to be stable. PI6 is unusual for a small polypeptide, reaching maximum levels of labelling within 6 rain then decaying to unknown smaller molecules.
Four bands are clearly resolved in the VPe-VP3 region after a 60 min chase. The slowest of them co-migrates with VPz, and if urea is omitted from the SDS gels the three fastest of the group co-migrate with VP3 (Abraham & Cooper, I975) , showing that the presence of urea has apparently allowed VP3 to be resolved into several species. However, multiple banding of VP3 is a variable phenomenon (see also Fig. t and 7) , and subsequent work suggests that it is an artifact (Abraham & Cooper, I975 )-Like p2o, VP2 appears only after a long chase.
Densitometric tracings of each of the gels in Fig. 3 allowed the relative measurement of the radioactivity in each band during a chase period (data not shown). This analysis confirmed the visually derived conclusions of the preceding paragraphs, but did not reveal new or specific pathways because of the complexity of the system. For this reason, and because several regions in these gels may contain more than one polypeptide, such a kinetic approach was not pursued.
I4
VIR ~9 Maizel & Summers (1968) . At present, the only feasible way they may be measured is by SDS-gel electrophoresis. We have attempted to obtain more accuracy by meeting certain possible criticisms of previous determinations. Accurate values are essential, not only for the proposed system of nomenclature but also to allow the correlation of the translation products of poliovirus RNA with its genetic coding potential, and to establish permitted relationships in the cleavage pathway.
The specific points considered were: (I) dilute gels and longer running times are necessary to resolve adequately the very large polypeptides, as the more concentrated gels used to retain smaller molecules do not extend the linear relationship between logarithm of mol. wt. and mobility to the larger ones. Accordingly, the large and small polypeptides were measured conditions could substantially affect mobilities. N o n e of these points was specified in the previous reports. Three well-characterized m o n o m e r i c proteins (rabbit skeletal muscle myosin, crayfish haemocyanin and h u m a n serum albumin) were iodinated with 125I (see Methods) for use as internal standards. Preliminary results showed that iodination did not alter the relative mobilities of any of the standards, and that radioactive bands located by a u t o r a d i o g r a p h y co-electrophoresed exactly with protein bands detected by staining. Fig. 4 shows an illus- trative set of determinations. The standards were electrophoresed in the same gels as an extract of whole infected cells, in which cleavage had been inhibited during growth by the presence of tosyl-L-phenylalanyl chloromethane (TPCK). This specific inhibitor of chymotrypsin has been shown to cause the accumulation of large poliovirus polypeptides (Summers et al. I97z ) . The position of the marker proteins in double labelling could be found by the use of two-sided X-ray film: the side nearest the dried gels during exposure was activated by both 125I and 35S emissions, but the side away from the gels was activated only by lzsI, allowing such bands to be identified under oblique lighting. These autoradiograms showed clearly that either in the presence (Fig. 4a) or the absence (Fig. 4 b) of urea, the largest poliovirus translation product (p2Io) migrated almost coincidently with myosin in the mixed sample (gel 4)-The lack of effect of urea suggests that both proteins are fully denatured in these gels. However, myosin on its own (gels I and 3 in Fig. 4b ) migrated substantially faster than p2~o in the absence of urea, which may account for the considerably higher mol. wt. value (27oo0o) assigned to this polypeptide previously by comparison of separate gels (Summers et aI. I97z) . The satisfactory resolution of p 31 in the absence of urea is illustrated in Fig. 4. (b) gel 6, where the four lowest bands are VPo, P3~, VPI andVP 3.
The three iodinated markers were used to construct a standard line (Shapiro, Vinuela & Maizel, I967) from which the mol. wt. of the principal poliovirus polypeptides were determined (Fig. 5a) . From all five such experiments, in which the co-ordinates of the marker proteins were reproducibly co-linear and the relative mobilities of unknowns and standards were consistent, average mol. wt. were determined for four of the major polypeptides that led to the designations p2~o, pI IO, p9o and P79. Mol. wt. of other poliovirus polypeptides larger than 4oooo were then determined relative to these values (Table 0 . Mol. wt. of smaller poliovirus polypeptides were determined relative to those of [35S]-methionine-labelled capsid proteins (Fig. 5b) , The latter were determined in ~o ~ (w/v) gels by the method used above, except that marker proteins were located by staining prior to autoradiography. In all cases, both VPo and VP~ migrated slightly faster than pepsin (mol. wt. 33 6oo) and VP3 migrated slightly slower than trypsin (23 8oo). All four standards were dissolved separately in SDS and z-mercaptoethanol prior to mixing to avoid the possibility of proteolysis. Experimental procedures identical to those above, except that the nuclear fraction was analysed also (gel 5) and that electrophoresis was done in Io ~ (w/v) gels.
Polypeptide differences between cytoplasmic extracts and whole cells
As all the above analyses were of extracts of whole cells, while previous reports used cytoplasmic extracts, it was possible that some of the newly described polypeptides originated from the nucleus. Several comparisons were accordingly made (Fig. 6) both experiments shown in Fig. 6 , the cytoplasmic extracts contained less pt68 and PI55 than whole cells. These two polypeptides were present in the nuclear fraction (Fig. 6b) , indicating that they were not degraded during the extraction. They m a y have been attached to large membrane fragments which sedimented with the nuclei; P73, p58 and p4o were also relatively enriched in the nuclear fraction, possibly for the same reason. These results are discussed below. Different distributions of label in the VP3 regions are believed to be related to factors other than cell fractionation ( A b r a h a m & Cooper, ~975)-2IO G. ABRAHAM AND P. D. COOPER
Comparison of the large precursor polypeptides that can be induced in poliovirus-infected cells
Amino acid analogues, inhibitors of proteolytic enzymes and altered incubation temperatures all behave as though they inhibit the cleavage process and allow the accumulation of large presumptive precursor molecules (Jacobson & Baltimore, I968 a; Jacobson et al. I97o; Baltimore, I97I; Garfinkle & Tershak, I97I; Summers et aL I972 ) . The convenience of the autoradiographic method was exploited to examine a wide range of cultural conditions for altered cleavage effects. The results are summarized in Fig. 7 , which shows concurrent gels of illustrative experiments, all run in the same analysis to enable comparisons of the sizes and ratios of the products of the altered cleavage patterns.
The following range of amino acid analogues covering four of the common amino acids was found to have an effect on the cleavage of poliovirus polypeptides: L-canavanine sulphate (arginine); DL-O-, -m-and -p-fluorophenylalanine, DL-fl-phenylserine, fl-L-thienylalanine (phenylalanine); DE-4-and DL-6-fluorotryptophan (tryptophan); 3,4-dehydro-oL-proline, L-azetidine-2-carboxylic acid (proline). Cells were labelled with [asS]-methionine in Eagle's medium lacking all amino acids 5 min after the addition of the required analogue. Illustrative patterns in Fig. 7 (gels 2, 3 and 4) showed that OL-/]-phenylserine and L-canavanine had a similar marked effect on cleavage (despite their being analogues of different amino acids) and led to accumulation of label in very large polypeptides. The main effects of other analogues (data not shown) were to suppress the formation of the capsid polypeptides, especially that of VP2. From other experiments in which the cleavage mechanism was disturbed, it was concluded that the cleavage leading to the production of VP2 was the most sensitive to inhibition; it is the final cleavage product before completion of the virus particle (Jacobson & Baltimore, I968b) . The ability of several analogues (/~-phenylserine, fl-thienylalanine, 4-and 6-fluorotryptophan) to suppress cleavage in these experiments appears to be the first evidence for their incorporation into eukaryotic proteins.
Cleavage was also examined by labelling poliovirus polypeptides in the presence of various serine esterase inhibitors. Cultures of infected cells were treated with inhibitors 5 min before the addition of [asS]-methionine for 6o rain (Fig. 7, gels 6, 7 and 8) . TPCK and tosyl-L-lysyl chloromethane (TLCK) both allowed the accumulation of large precursors and prevented the appearance of capsid proteins, but the effect of diphenyl carbamoyl chloride was variable and not always pronounced. TPCK was a potent inhibitor and at o'25 mM prevented the appearance of all polypeptides smaller than P79 (data not shown). In these gels, TPCK but not TLCK restricted the cleavage of Pr55, but the reverse action was seen for pI25. Other proteolytic functions leading to pi io, p9o and P79 were not prevented which suggested the presence of more than one type of cleavage activity in poliovirus-infected cells.
Comparison of these polypeptide patterns with that induced by incubation of infected cells at elevated temperature (Fig. 7, gel 9) showed that the largest polypeptide present in any of the gels always exhibited the same electrophoretic mobility. This observation suggested that it was the same precursor polypeptide being detected in each case. The next largest polypeptides common to many of the gels were p168 and p155, which corresponded to the largest polypeptides detected in infected cells during a short chase (Fig. 3) . The other large polypeptides were not found in all conditions tested.
The report of Summers et al. 0972) showed that when infected cells were incubated in the presence of TPCK, three polypeptide bands migrated between p2Io and pi68. Three similar polypeptides were found after a short pulse with pS]-methionine in the presence of a combination of amino acid analogues (G. Abraham, unpublished observation) . These additional polypeptides bring to 34 the total number of polypeptides found in poliovirus-infected cells in all conditions tested.
DISCUSSION
This report describes many new polypeptides in poliovirus-infected cells. Five new species migrating between P79 and VPo were detected by the improved resolution and sensitivity of autoradiography, while pi68 and pi55 were revealed by the methods used to prepare samples for electrophoresis, and p29 apparently by the inclusion of urea in SDS gels. P96 seen clearly in Fig. 7 (gel I) can be resolved from p9o by prolonged electrophoresis in dilute gels. All species reported previously were detected here using [~sS]-methionine, and therefore contained this amino acid.
Most of the polypeptides in the region P79 to VPo are probable proteolytic intermediates, as the only species showing significant increases in radioactivity during a long chase are the structural proteins (Fig. 3) . Others (P79, p3I, p29 and pI2) all appear soon after a short labelling period and are stable during a long chase; they result from early cleavages but may or may not be functional proteins.
The total number of poliovirus polypeptides detected in all conditions tested was at least 34, of which 26 were found without interfering with the cleavage process. However, any polypeptides made under altered cultural conditions may represent abnormal species, resulting from cleavages at unnatural loci and so bearing no relationship to the normal cleavage pathway. Indeed, some do show electrophoretic mobilities that differ slightly from the natural products (see gels 6 and 7 in Fig. 7) .
Their mol. wt. were re-examined, taking care to choose as markers well characterized, monomeric polypeptides that were not glycosylated. Complete reduction of marker and poliovirus proteins was achieved by heat treatment with 2-mercaptoethanol in the presence of SDS to ensure that all polypeptide-SDS complexes would migrate in SDS gels as a unique function of their mol. wt. (Reynolds & Tanford, 197o) . Marker proteins were electrophoresed in the same gels as poliovirus polypeptides to ensure each was migrating under the same load conditions. Both previous determinations of the mol. wt. of type I poliovirus polypeptides (Maizel & Summers, 1968; Jacobson et al. ~97o ) may be criticized as not observing all of the points listed above. In addition, all mol. wt. measurements reported here were done in gels containing 5 N-urea as well as SDS, as there is evidence that some poliovirus proteins are more completely denatured in such conditions (Abraham & Cooper, I975) . Some mol. wt. values determined by SDS-gel electrophoresis in this report differ from those published previously. As the size of the largest polypeptide (p2 I o) found in poliovirusinfected cells was the same under several different conditions of synthesis, it is believed to be the primary translation product of poliovirus RNA. Its size (2IOOOO) agrees with the experimental value determined by Jacobson et al. 097o) , and their reservations on this determination now appear unwarranted. The results in Fig. 4 show clearly that p2Io does not migrate slower than myosin and so is not expected to be larger than myosin. An interesting implication of this finding is that about 20 ~ of the poliovirus RNA (which has a coding potential of some 275 ooo _+ 13 ooo daltons of protein; Granboulan & Girard, x969; Tannock, Gibbs & Cooper, I97O) is not translated in vivo, unless it is read as a separate punctuation unit. TPCK can totally prevent the appearance of polypeptides smaller than 8oooo daltons, but this compound is now known to be an inhibitor of initiation of protein synthesis (Pong, Nuss & Koch, 1975) and could accordingly prevent the appearance of label in a small independent translation unit.
Our mol. wt. values for the largest polypeptides normally found in poliovirus-infected cells (pIIo and P79) lie between those reported previously. A linear relationship between log mol. wt. and electrophoretic mobility (in the 6 ~ gels used) extended to include polypeptides as small as 30o00, and the Io ~ gels also gave a linear plot for species smaller than 3oo00, enabling both sets of results to be interrelated. VPo and VPt consistently migrated slightly faster than pepsin (tool. wt. 3360o) and so are expected to be slightly Comparisons between whole infected cells and their cytoplasmic extracts showed minor qualitative and quantitative differences, but no polypeptide in the nuclear fraction was not represented in cytoplasmic extracts. This result contrasted with that of Vanden Berghe (~973), who reported two new poliovirus-specific polypeptide; detected only in nucleusassociated material from infected cells. However, the two polypeptides p58 and p4o found to be relatively enriched in our nuclear fractions may correspond to those of Vanden Berghe 0973). Both sets of results suggest that cytoplasmic extracts produced by either Dounce homogenization or freezing and thawing may not fully represent the status of the infected cell with respect to poliovirus polypeptides.
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